To examine the genetic factors that affect the stability of disease-associated trinucleotide repeats, we have assessed the stability of CAG repeats in yeast strains with mutations in the mismatch repair system. We have found that both pms1 and msh2 mutations destabilize repeat tracts. Destabilization is evidenced both by the increased frequency of repeat length changes and in the pattern of changes that are observed. In wild-type cells repeats are relatively stable when CAG serves as the lagging strand template but relatively unstable when CTG serves as the lagging strand template. Large contractions in repeat length are the most common change. In pms1 and msh2 mutants the relatively stable tracts incur more tract length changes. In addition, many small deletions and some small additions, most often of one repeat unit, are frequent in repeats of the stable orientation. These small changes also are seen as a new class of events that occur in repeats in the unstable orientation. The results show that in yeast the mismatch repair system prevents small changes from occurring but cannot prevent larger changes from occurring.
INTRODUCTION
Repetitions of the trinucleotide CAG are the cause of a number of inherited neurological and neuromuscular diseases. A prominent feature of these diseases is that the number of repeat units often changes when passed from parent to child. Although changes occur when either the mother or father is the origin of the disease allele, there is often a sex bias in the parent that gives rise to a predominance of expansions. In congenital cases of myotonic dystrophy caused by very large repeat tracts the disease allele is most often provided by the mother (1) (2) (3) (4) . In Huntington's disease and Spinocerebellar Ataxia Type 1 increases most often occur when the disease allele is passed on by the father (5, 6) . In Machado-Joseph disease changes in repeat number often occur, but a bias towards larger or smaller sizes is not readily apparent (7) (8) (9) (10) . What factors control these differences among disease genes is unknown.
We have been studying the instability of CAG repeats embedded in a yeast chromosome (11) . CAG repeats are unstable in yeast giving rise to frequent large contractions and rarer increases in repeat number. We have already shown that the orientation of the repeat with respect to a replication origin has a 10-fold effect on its stability. When CTG, the complement of CAG, serves as the lagging strand template the repeat is more unstable than when CAG serves as the lagging strand template.
We have also begun to examine the repair, replication and recombination systems needed to maintain repeat stability. One repair system that is known to destabilize repeats of the dinucleotide GT in both humans and yeast is the mismatch repair system (12) .
In this study we show that CAG repeats in yeast are destabilized by mutations in two mismatch repair genes, pms1 and msh2.
RESULTS

The yeast system
The yeast strains we use to study the stability of trinucleotide repeat tracts contain insertions of CAG repeat tracts into chromosome VII ( Fig. 1) (11) . This was achieved by appending repeat tracts to the yeast ADE2 gene and using this gene to disrupt the ARO2 gene on chromosome VII. Both orientations of the repeat, CAG and CTG, as well as both orientations of ADE2 have been made. We previously showed that repeat tracts in the two strains with CTG in the ADE2 coding strand, tracts D and H, are relatively unstable compared to repeat tracts C and Q with CAG in the ADE2 coding strand. The difference in stability arises because the ADE2 clone contains a replication origin, and the greatest instability occurs when CTG serves as the lagging strand template. Most changes in yeast are deletions that are >15 repeat units.
Instability can be assessed by determining the percentage of cells within a colony that contain a repeat tract length different from the tract length found in the progenitor cell. To make this assessment, colonies are dispersed into individual cells, the sibling cells are permitted to grow into colonies, and DNA samples from the sibling colonies are analyzed to see whether or not they contain the parental size repeat. The frequency of colonies lacking the parental size repeat is a metric of the *To whom correspondence should be addressed instability. Additional information can be derived by measuring the difference in size between the parental repeat and the new, smaller (or larger) repeat tract.
Mismatch repair mutations destabilize the relatively stable repeat tracts
When repeat tracts are oriented such that CAG serves as the lagging strand template, the repeat tracts are relatively stable in wild-type cells, yielding only a few sibling colonies that do not contain the parental size repeat (Table 1) . In pms1 and msh2 mutant cells these tracts are more unstable (Table 1) . For example, tract C (85 repeat units) changed in size in two of 59 sibling colonies in a wild-type background, whereas in the pms1 mutant the number was 12 out of 59 (combined 75 and 85 repeat units) ( Table 1 , Fig. 2 ) and in the msh2 mutant the number that changed was 17 out of 59 (combined 75 and 85 repeat units) ( Table 1 , Fig. 3 ). [These frequency measurements can be converted to rates using the method of Lea and Coulson (13) by assuming that the frequencies are median values (11 Fig. 3 ). These results show that both pms1 and msh2 mutations destabilize tracts that are mostly stable in wild-type cells. The destabilization of CAG repeats in the other stable tract, tract Q, is slightly different. Like tract C, tract Q is destabilized by pms1 and msh2 mutations yielding a greater number of changes in mutant cells (Table 1) . Also, as in the case of tract C, small changes of one or two repeat units only occur in mutant cells. What is different is that a majority of the changes that occur to tract Q in mutant cells are large deletions. The cause of the variation in behavior between the two orientations is not known.
Mismatch repair mutations alter the pattern of repeat length changes in strains with relatively unstable repeats
When long repeat tracts are oriented such that CTG serves as the lagging strand template, the repeat tracts are relatively unstable in wild-type cells, yielding between 15 and 25% of sibling colonies that do not contain the parental size repeat (Table 1 ). Among such colonies most tract length changes are relatively large decreases. For example, the eight events undergone by tract D (69 repeat units) ranged from decreases of 23 to 54 repeat units (Table 1) .
In mutant cells these tracts continue to undergo large deletions (Table 1, Fig. 4 ). In addition they exhibit the class of events seen for the relatively stable tracts in which changes of one or a few repeat units occur. For example, the pms1 strain containing tract D (69 repeats) underwent eight changes, half of which were deletions of 1 unit. The msh2 strain containing tract D (69 repeats) underwent 14 changes of which four were small deletions or additions of 1 or 2 units. The repeat tracts D and H are more unstable in the msh2 mutant than in the wild-type background nearly doubling the frequency with which repeat changes are found. The same tracts in the pms1 mutant did not exhibit an increase in instability. Why there should be a difference between the two mutants is not clear at this time.
Shorter tracts of D and H that are stable in wild-type cells also are destabilized by pms1 and msh2 mutations. For example, a deletion of 1 repeat unit was found both in the msh2 mutant carrying tract D (28 repeat units) and in the same mutant carrying tract H (33 repeat units). These changes are noteworthy because they are consistent with all the other results that show that such small changes occur only in mismatch repair mutant cells. 
DISCUSSION
The mismatch repair mutations, pms1 and msh2, destabilize CAG repeat tracts in yeast. The destabilization is best shown by the increased instability of tracts that are relatively stable in wild-type cells. In addition, a new class of events occurs in mutant cells in which tracts change by one or a few repeat units. Most of these changes are decreases.
That the mismatch repair system should have an effect on CAG repeat tract stability is not surprising considering its involvement in stabilizing dinucleotide tracts (14, 15) . The behavior of trinucleotide repeats in the mismatch mutants offers additional insights into this system in yeast. In particular, the addition of a new class of events with very small changes indicates that the mismatch repair system is very proficient in preventing such small changes. The observation that most changes in wild-type cells are large deletions suggests that once a mismatch increases beyond a size of one or a few repeats, the mismatch repair system cannot correct the change (Fig. 5) . This corroborates recent studies on deletions of direct repeats (16) as well as earlier studies of mismatch correction of artificial substrates in vivo and in vitro (17, 18) .
The inability of the mismatch repair system to detect changes >2 or 3 repeat units suggests why mismatch repair mutations do not have as pronounced an effect on trinucleotide repeat tract instability as they do on dinucleotide repeat tract instability. The rate of change in dinucleotide repeat tracts increases nearly 100-fold in mismatch mutant cells, while the largest increase in trinucleotide tract instability we have observed is an 8-fold increase in tract instability in tract C in a msh2 mutant. Because CAG trinucleotide repeats, but probably not GT dinucleotide repeats, are capable of forming foldback structures (19) (20) (21) , CAG Other smaller products are also seen in lanes such as a and e. We presume these represent changes that occur during colony growth, and that the largest band derives from the cell that initiated colony growth (11) . The control band and the standard (std) are as described in the legend to Figure 2. repeats yield large changes that escape detection by the mismatch repair system. The inability of certain tracts, particularly those in the unstable orientation, to form small mismatches may also explain why in some cases, e.g., tracts D and H in a pms1 mutant, there is no apparent increase in tract instability. Because these tracts are destabilized in msh2 mutant cells, an additional factor, possibly the interchangibility of PMS1 and MLH1, might account for the difference between the effects that pms1 and msh2 have on the unstable tract orientation.
We can also comment on whether the repair system prefers to correct mismatches in favor of the template strand or the newly replicated strand. The small changes we observe in mismatch repair mutants most likely represent the persistence of duplexes where the newly synthesized strand is shorter than the template strand (Fig. 5) . The relative length of template and newly synthesized strand is dictated by the outcome that most changes are deletions. In the mutants these mismatched duplexes persist until the next round of replication, creating one deletion duplex and one full length duplex. In wild-type cells we assume that these small mismatches form but are quickly repaired. If the repair system had no preference for either the newly replicated strand or the template strand, we would expect in wild-type cells that approximately half of the repair would favor the template strand leading to restoration of tract length and the other half would favor correction to the length of the newly synthesized strand leading to contraction. Because small deletions do not occur in wild-type cells, all repair must favor correction to the template strand length. The Escherichia coli mismatch repair system corrects to favor the template strand based on its methylation system (22) . Because yeast cells do not methylate their DNA, some other means of distinguishing template from newly replicated strands must exist, possibly the single strand lesions present in the newly synthesized lagging strand (23, 24) .
Another formal possibility that could explain the absence of small changes in wild-type cells is that the preference results from correction to favor the longer of the two strands. We note, though, that of 28 small changes of 3 repeat units or less among all such changes for tract C in pms1 and msh2 mutants, four were increases. Again, we presume that mismatches giving rise to these additions in mutant cells also occur in wild-type cells but are corrected by the mismatch repair system. If the mismatch repair system repaired in favor of the longer strand, then we should have observed some small additions among events in wild-type cells.
Our results also contain the peculiar observation that changes of 5-16 repeat units are relatively rare. Only seven contractions, out of the entire data set for both wild-type and mutant events of 135 contractions, fall into this size range. One explanation for the lack of such events is a mechanistic one that describes a different cause for the short and the long contractions (Fig. 5) . The long contractions may arise by the foldback of the single strand template between the time a helicase has opened the replication fork and a polymerase has proceeded across it. Thermodynamics would dictate that longer foldback structures would be more stable than shorter ones, thus giving a reason for a lack of short and intermediate size contractions. In contrast, the single unit contractions seen only in mismatch mutant cells might occur by the polymerase hopping over a repeat unit. Further polymerization would stabilize the small loop and prevent further increases in loop size. Whether such polymerase hopping is more prevalent on the leading or lagging strand cannot be ascertained at this time because we have not observed a pronounced asymmetry with respect to orientation that would provide evidence for such a prevalence. Another possibility for the lack of intermediate size contractions is that an unknown repair system in yeast works efficiently on mismatches in this range to preclude observation of the resulting class of events.
The utilization of the mismatch repair system to stabilize CAG trinucleotide repeat tracts in yeast questions whether the same is true in humans. Mutations of mismatch repair genes in human tumors leads to destabilization of mono-, di-, tri-and tetra-nucleotide repeats (25) (26) (27) (28) (29) (30) (31) (32) (33) . The microsatellite sequences examined in these studies, including the CTT trinucleotide microsatellite, were simple sequences not known to form foldback structures as do the CAG trinucleotide repeats. Whether or not these tumor mutations also destabilize CAG trinucleotide repeats has not been reported. Using tumor samples to make such a judgement could be hindered by the relative stability of CAG repeat tracts in individuals who are likely to carry normal alleles of CAG repeat genes.
Our work comments on the instability of CAG repeats in human disease genes. First, our results suggest that the mismatch repair system in yeast is only capable of recognizing CAG tract changes of one or a few repeat units. If the human mismatch repair system has the same characteristics, then it would prevent only the smallest of changes. Changes of five or more repeat units would escape repair. The relative stability of Huntington's disease and Spinocerebellar Ataxia Type 1 disease allele tracts during somatic divisions in humans (34, 35) suggests that in humans, as in yeast, the mismatch repair system is capable of preventing small changes, should they occur. Second, no mismatch repair system capable of recognizing small tract changes appears to operate on the DNA that is packaged in the gametes. This is surmised from the allele size difference between parent and child for Huntington's disease, Spinocerebellar Ataxia Type 1 and Machado-Joseph disease disease alleles where numerous examples of changes of 1 repeat unit, both plus and minus, have been recorded, particularly during maternal passage (5, 6, 10, 35, 36) . Similarly, display of sperm alleles does not suggest any skew in the distribution that would be suggestive of correction of small changes and not of longer expansions and deletions. Whether this failure occurs during meiosis or in the mitotic divisions of gamete formation before or (in males) after meiosis cannot be ascertained.
MATERIALS AND METHODS
Yeast strains
Yeast strain SSL204A (MATa) with repeat tracts C, D and H have been previously described (11) . Tract Q is an independent isolate of tract orientation G reported previously. To create isogenic mismatch repair mutants containing repeat tracts, the wild-type strains SSL204A (MATa) and SSL204 (MATα), that differ only in mating type, were disrupted with mutant copies of the mismatch repair genes PMS1 and MSH2 (37) (38) (39) . Plasmids bearing disruptions of PMS1 and MSH2 were obtained from Richard Kolodner (Dana-Farber Cancer Institute). Southern blotting was used to confirm the disruption of the mismatch repair genes in all cases. Two schemes were used to place repeat tracts in the mismatch repair mutants. First, some mutants were transformed directly with the aro2::ADE2(CAG)n disruptions. Second, some were made by mating the pms1 and msh2 mutant derivatives of SSL204 (MATα) to the SSL204A (MATa) strain containing the appropriate repeat tract. Sporulation of such diploids yield isogenic, haploid segregants of the appropriate genotype.
Analysis of repeat tract length changes
The procedures for colony dispersal into single cells and isolation of DNA from sibling colonies have been previously described (11) . The PCR conditions are a slight variation on the previously reported method. In this study we used 0.375 U Taq polymerase (AmpliTaq, Perkin Elmer) with a buffer that contained 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 , 2% v/v formamide, 250 µM each dNTPs and 1 µM each of primers DMLAde2b and DMLAde2c.
In this study many small changes of 1 or 2 repeat units were detected in tracts as long as 92 repeat units. When such small changes were detected, the products were run on a second gel in the proximity of appropriate control samples to verify their sizes.
